We previously showed that a fungal protein, p15, induces neurite outgrowth and diŠerentiation of rat pheochromocytoma PC12 cells. We report here the identiˆcation and characterization of a protein similar to p15, found in Streptomyces coelicolor A3(2). This hypothetical protein, tentatively named Scp15, has signiˆcant similarity with p15, including conserved positions of four cysteine residues involved in the formation of essential disulˆde bonds in p15. Hexahistidine-tagged recombinant Scp15 proteins were produced in Escherichia coli, puriˆed, and analyzed for their neuriteinducing activity. Although they were less active than p15, they dose-dependently induced neurites and the expression of neuroˆlament M. Neurite outgrowth by Scp15 was inhibited by nicardipine, suggesting that Scp15 induces neurites via activation of a calcium signaling pathway.
We previously showed that a fungal protein, p15, induces neurite outgrowth and diŠerentiation of rat pheochromocytoma PC12 cells. We report here the identiˆcation and characterization of a protein similar to p15, found in Streptomyces coelicolor A3 (2) . This hypothetical protein, tentatively named Scp15, has signiˆcant similarity with p15, including conserved positions of four cysteine residues involved in the formation of essential disulˆde bonds in p15. Hexahistidine-tagged recombinant Scp15 proteins were produced in Escherichia coli, puriˆed, and analyzed for their neuriteinducing activity. Although they were less active than p15, they dose-dependently induced neurites and the expression of neuroˆlament M. Neurite outgrowth by Scp15 was inhibited by nicardipine, suggesting that Scp15 induces neurites via activation of a calcium signaling pathway.
Key words: PC12; neurite outgrowth; diŠerentiation; L-type Ca 2+ channel; Streptomyces coelicolor A3 (2) Rat pheochromocytoma PC12 cells provide a cell culture system for the study of neuronal diŠerentia-tion caused by a variety of factors such as nerve growth factor (NGF), 1) ˆb roblast growth factors, bone morphogenetic protein-2, 2) and interleukin 6.
3)
Upon treatment with NGF, for example, PC12 cells diŠerentiate into sympathetic neuron-like phenotypes characterized by cessation of cell growth, elongation of neurites, and acquirement of electrical excitability. NGF binds to and activates its receptor, tyrosine kinase Trk, 4, 5) which transmits signals to various intracellular targets including Ras, phospholipase Cg, [6] [7] [8] and phosphatidylinositol 3-kinase. [9] [10] [11] Nucleotide exchange of Ras leads to sustained activation and nuclear translocation of mitogen-activated protein (MAP) kinase, which initiates several transcription-dependent cellular events leading to the expression of cytoskeletal proteins and neurite outgrowth, which are considered to be the biochemical and morphological hallmarks of the diŠerentiation of PC12 cells.
PC12 cells also diŠerentiate by membrane depolarization. The depolarization-induced in‰ux of Ca 2+ through the voltage-dependent Ca 2+ channels causes expression of several immediate early and late genes, including the c-fos proto-oncogene. 12, 13) An increase in intracellular Ca 2+ evokes signals mediated by activation of calcium W calmodulin protein kinases. [14] [15] [16] Furthermore, an increase in intracellular Ca 2+ caused by depolarizing stimuli activates a Src kinase coupled to Ras activation, which eventually activates the MAP kinase cascade. 17, 18) Several mechanisms could account for Ca 2+ -mediated Ras activation; Pyk2, Shc phosphorylation and epidermal growth factor receptor activation might be involved. 19) The involvement of other pathways elicited by Ca 2+ are not to be excluded, 13) although it seems likely that the Src-Ras-MAP kinase cascade plays a central role in depolarization-induced cellular responses in PC12 cells. Thus, growth factors and Ca 2+ activate distinct but overlapping intracellular signaling pathways.
In our previous studies we reported the identiˆca-tion, puriˆcation, and characterization of a novel protein from the culture broth of a fungus of the genus Helicosporium by screening for regulatory molecules with potent neurite-inducing activity. This protein, named p15, is a secretory protein with an apparent molecular mass of 15 kDa. [20] [21] [22] At concentrations as low as 1 nM, p15 induces neurites and expression of neuroˆlament (NF) M protein in PC12 cells. 
Materials and Methods
Materials. PCR was done with Pfx DNA polymerase (Gibco BRL). DNA fragments were puriˆed with GeneClean II (BIO101). Ni 2+ -NTA agarose was purchased from Qiagen, and nicardipine was purchased from Sigma.
Cell culture. Rat pheochromocytoma PC12 cells were maintained in Dulbecco's modiˆed Eagle's medium containing 5z horse serum and 5z fetal calf serum. Cells were passaged every 3-4 days and maintained at 379 C in 10z CO2 in humidiˆed air. PC12 cells were seeded in the growth medium at 4.5 ×10 3 W cm 2 in 24-well culture plates coated with collagen type I (Becton Dickinson) and allowed to grow for 24 h. Then proteins to be examined and drugs were added, and neurite outgrowth was measured after 48 h. For the measurement of neurite outgrowth, eight random photographs were taken and cells bearing processes longer than the cell diameter were considered to have positive results.
Cloning of genomic DNA encoding S. coelicolor A3(2) Scp15 and puriˆcation of recombinant Scp15 expressed in E. coli. The genomic sequence encoding Scp15 was cloned as follows. Sense and antisense primers that covered the start and stop codons of Scp15 were synthesized on the basis of the S. coelicolor A3(2) genomic sequence in a database. Their sequences were 5?-GGGAATTCGTGCGCACCAC-CACCAGGAC-3? and 5?-GGGGATCCTCAGCC-GAAGATCTTGACGG-3?, respectively (underlined sequences are the coding regions of Scp15). With the genomic DNA of S. coelicolor A3(2) (1 mg) as the template, PCR was done by a 30-cycle protocol with a 15-s denaturing step at 949 C, a 30-s annealing step at 509 C, and a 60-s extension step at 689 C. The product (about 470 bp) was digested with EcoRI and BamHI and ligated to pUC18, generating pUSCE. DNA sequencing conˆrmed that the cloned DNA encodes authentic Scp15. pUSCE was digested with EcoRI and HindIII, and ligated to pRSETB vector (Invitrogen) for the expression of full-length Scp15 tagged with hexahistidine sequence (His6-Scp15) protein in E. coli. To express amino-terminally-truncated forms of Scp15 tagged with His6 (DN40 and DN66, which lack the N-terminal 40 and 66 amino acid residues, respectively; see Fig. 1 ), the second PCR with pUSCE as the template was done to add a BamHI site at the amino termini of DN40 and DN66 proteins. The primer sequences used were 5?-TCG-GATCCGTACTCGCCTCCTTCACGCA-3? and 5?-GGGGATCCTTCGACTGGTCCACGGACCT-3? for the sense primers for DN40 and DN66 proteins, respectively, and 5?-GGGAATTCTCAGCCGAA-GATCTTGACGG-3? for the antisense primer. The products were digested with BamHI and EcoRI, and ligated to pRSETA vector (Invitrogen). Each resultant plasmid was introduced into E. coli BL21(DE3)pLysS, and fusion proteins were induced by the addition 0.3 mM isopropyl-b-D-thiogalactopyranoside for 3 h at 379 C. The induced cells were lysed by sonication, and the cell lysate was centrifuged at 100,000×g for 30 min at 49 C to sediment insoluble materials, which contained most of the fusion proteins. The pellet fraction was solubilized, applied to the Ni 2+ -NTA column, washed, and eluted by the standard procedure. The majority of fusion proteins were eluted by a buŠer of 20 mM sodium phosphate, pH 4.0, containing 8 M urea and 0.5 M NaCl. The eluted fractions were analyzed by SDS-PAGE with 15z acrylamide. The fractions containing His 6 -fusion proteins were collected and dialyzed against distilled water or 20 mM sodium phosphate, pH 7.4, at 49 C for 2 days.
Gel electrophoresis and immunoblotting with anti-NF-M. For Western blotting, PC12 cells grown on 60-mm culture dishes coated with collagen type I were treated with His6-Scp15 (``d'' in Fig. 3A) , DN40 (e), DN66 (f ) (all three, 100 nM), His6-p15 (c, 10 nM) or NGF (50 ng W ml) for 48 h. Cells were washed three times with a washing buŠer (containing 120 mM NaCl, 4.8 mM KCl, 1.26 mM CaCl2, 1.18 mM KH2PO4, 1.22 mM MgSO4, and 25 mM HEPES, pH 7.4) and incubated in 0.5 ml of a lysis buŠer of 20 mM HEPES (pH 7.2) containing 10z glycerol, 1z NP-40, 1 mM NaF, 0.5 mM ethylene glycol-bis(2-aminoethyl)-N, N, N?, N?-tetraacetic acid, 0.5 mM phenylmethylsulfonyl ‰uoride, and 1 mg W ml leupeptin) for 15 min at 49 C. The lysate was removed from the dish with a cell scraper and incubated in a microtube on ice for 10 min more. Then the lysates were clariˆed by centrifugation at 12,000×g for 20 min and the supernatants were collected. Equal amounts of proteins (20 mg) were put through SDS- The amino acid sequences of p15 precursor (top) and Scp15 (bottom) were aligned by the CLUSTALW program. 27) Identical, conserved, and similar residues are shown by asterisks, double dots, and single dots. respectively, Four conserved cysteine residues are boxed in black. The putative signal sequences are shown in italics. The mature region of p15 that has neurite-inducing eŠects on PC12 cells is marked by underlining. Theˆrst three amino acid residues of His 6 -tagged recombinant Scp15 proteins (His 6 -Scp15, DN40, and DN66) produced in this study are double-underlined. The amino acid residue numbers are shown on the right. PAGE (7.5z acrylamide) and transferred to a nitrocellulose membrane. The blotted membranes were blocked with 5z skim milk in Tris-buŠered saline (20 mM Tris-HCl, pH 7.4 containing 150 mM NaCl). The membranes were then probed with mouse monoclonal antibody to NF-M (1:1,000 dilution; Sigma N-5264) for 1 h followed by anti-mouse IgG secondary antibody conjugated with horseradish peroxidase (1:500 dilution; Vector), and developed with SuperSignal substrate (Pierce). Protein concentrations were measured by the method of Bradford, 24) with bovine serum albumin as the standard.
Results and Discussion

Identiˆcation and recombinant expression of Scp15
In a search for protein sequences homologous to p15, we found that an ORF of S. coelicolor A3(2), accession number CAB38593.1, has structurally similar to p15 (Fig. 1) . We tentatively named this ORF Scp15, after S. coelicolor homologue of p15. This hypothetical secreted protein consisted of 151 residues with a putative signal sequence of 21 amino acid residues long, as predicted by SMART. 25) The calculated molecular mass of the mature region of Scp15 was 14.2 kDa, and the mature region of p15 consisted of 118 amino acid residues with the actual molecular mass of 13,304. 21) In the central ¿50 amino acid region with highest similarity to p15, Scp15 was more than 60z identical. The positions of four cysteine residues were almost completely conserved between p15 and Scp15; these cysteine residues form two intramolecular disulˆde bridges and are essential for the biological activity of p15. 23) Scp15 had no cysteine residues other than these, which is also the case in p15. These observations suggest that p15 and Scp15 share not only structural characteristics but also functional properties, such as neurite-inducing activity, of PC12 cells, and this possibility was examined. The nucleotide sequence of the ampliˆed DNA fragment was identical to the reported DNA sequence of Scp15. We then attempted to express fulllength as well as amino-terminally truncated versions of Scp15 as His 6 -tagged fusion proteins in E. coli. His6-Scp15 covered the entire coding sequence of Scp15, including the putative signal sequence, but DN40 and DN66 lacked the amino-terminal 40 and 66 amino acids, respectively. DN40 was nearly the same length as the mature region of p15 (underlined in Fig. 1 ), but DN66 covered the region with the highest similarity with p15. When the fusion proteins were induced in E. coli, protein bands with the expected electrophoretic mobilities were produced (Fig. 2) . The fusion proteins were puriˆed as described above. Although a small amount of contaminating proteins was present in the puriˆed fraction of His6-Scp15, neither puriˆed DN40 nor DN66 fractions contained any impurity.
Neurite-inducing activity of Scp15
Previous experiments with recombinant p15 produced in E. coli showed that a His6-tag added at the amino-terminus of p15 has no eŠect on the neuriteinducing activity, 23) so we directly examined the eŠects of His6-containing Scp fusion proteins on neurite extension. All three recombinant proteins induced morphological changes of PC12 cells (Fig. 3A) , with DN40 having the most potent neuriteinducing activity (Fig. 3B) . In the presence of these fusion proteins at 100 nM, 27.8z, 16.0z, and 15.4z of cells extended neurites longer than the cell diameter when treated with DN40, DN66, or His6-Scp15, respectively. Neurite outgrowth was maximum at 1 mM DN40, which induced neurites in 37z of the total cells. Compared with His6-p15, 10-fold the concentration of DN40 was required to induce neurite outgrowth.
Expression of NF-M is a hallmark of neuronal diŠerentiation of PC12 cells. 26) To examine whether the processes induced by Scp15 were authentic neurites, we tested for the expression of NF-M by Western blotting (Fig. 4) . When PC12 cells were treated with His6-Scp15, DN40, or DN66 for 48 h, the expression of NF-M increased. Compared with His6-p15, 10-fold the concentrations of His6-Scp15 proteins were required for similar levels of NF-M expression, as expected from the extent of neuritogene- A: Schematic representation of fusion proteins. The putative signal sequence of Scp15 is shown by the black box, and the positions of four conserved cysteine residues are indicated by the letter`C'. B: His 6 -tagged recombinant Scp15 proteins (His 6 -Scp15, lanes 2 and 3; DN40, lanes 4 and 5; DN66, lanes 6 and 7) were produced in E. coli and the recombinant proteins were solubilized and puriˆed by the Ni 2+ -agarose column chromatography. Lane 1, total proteins from uninduced E. coli transformed with the vector; lanes 2, 4, and 6, total proteins from induced culture; lanes 3, 5, and 7, His 6 -tagged fusion proteins puriˆed by Ni 2+ -agarose column chromatography. Positions of molecular mass markers are indicated in the left. sis by these proteins. Although the induction of NF-M expression was lower than that by NGF, the results were reproducible. These results demonstrate that the processes induced in Scp15-treated PC12 cells were authentic neurites, indicating that PC12 cells undergo neuronal diŠerentiation upon stimulation with Scp15.
Blockage of Scp15-induced neurite outgrowth by nicardipine p15-induced neuritogenesis depends on the presence of extracellular Ca 2+ and is inhibited by nicardipine, the blocker of the L-type Ca 2+ channel. 21) Although direct measurement of the intracellular Ca 2+ concentration in p15-treated PC12 did not show any detectable increase (unpublished result), downstream regulators such as Src, Ras as well as MAP kinase were activated in the presence of p15. To test if Scp15 also activates the Ca 2+ signaling pathway, the eŠects of nicardipine on Scp15-induced neurite outgrowth were examined. Nicardipine dosedependently inhibited neurite outgrowth in PC12 elicited by DN40 (Fig. 5) . Inhibition of neuritogenesis was half of the maximum at about 0.3 mM nicardipine, which was nearly identical to that observed with p15-induced neurite outgrowth. These results suggest that Scp15 induces diŠerentiation of PC12 cells through a pathway that is identical or similar to that activated by p15.
Scp15 shares some structural characteristics with p15; both of these proteins are presumably secretory proteins with an amino-terminal signal sequence, similar in size, and the positions of four cysteine residues are almost perfectly conserved. Furthermore, they are heat-stable, retaining neurite-inducing activity even after being boiled for 10 min (not shown). These observations suggest that they induce neurites by identical or similar mechanisms. Indeed, neurite-induction by Scp15 depends on the activation of the L-type Ca 2+ channel, which is the case for p15-induced neurite outgrowth. In this regard, it is of interest to examine whether the neurite-inducing activity of Scp15 is inhibited by the blockers of N-or P-W Q-type voltage-dependent Ca 2+ channels, since our preliminary observations suggested that these inhibitors (v-conotoxin GVIA and v-agatoxin IVA, respectively) had no eŠect on p15-induced neurite outgrowth in PC12 cells.
It should be noted, however, that the speciˆc activities of recombinant Scp15 proteins in the neurite extension assay were lower than the activity of p15. While native and recombinant p15 proteins induced neurites at concentrations as low as 1 nM and the response was maximum at 100 nM (ref. 23 and Fig. 3B ), recombinant Scp15 proteins require a 10-fold concentration or more to induce neurites. Using His6-tagged recombinant p15, we previously showed that disruption of one or both of two intramolecular disulˆde bonds resulted in loss of its neurite-inducing activity. 23 in full-length Scp15) were formed during the solubilization and renaturation of recombinant p15. In this context, the weak speciˆc activities of recombinant Scp15 proteins in neurite outgrowth assay could be due to ine‹cient formation of correct disulˆde bridges during renaturation. Alternatively, it might result from the intrinsic lower a‹nity of Scp15 to a yet unidentiˆed target molecule(s) on the cell surface of PC12.
